We investigated the mid-term surgical results of Fontan conversion with antiarrhythmias surgery and permanent pacemaker implantation, which were complications of a previous Fontan operation.
INTRODUCTION
Since the first reported Fontan operation [1] , surgical modifications have been incorporated due to complications after the Fontan operation with increasing duration of follow-up. The surgery has considerable potential morbidities, including thromboembolisms, atrial arrhythmias, venous pathway obstruction and mortality in atriopulmonary artery connection (APC) [2] . Total cavopulmonary artery connection (TCPC) with intracardiac baffling, which showed good early results, was introduced in 1988 [3] ; however, late arrhythmias were still problematic. Thus, TCPC using extracardiac conduit (ECC) was introduced to minimize the right atrial load. Fontan conversion with antiarrhythmia surgery and permanent pacemaker implantation is one of the options for treating these complications. There are several studies that have reported clinical improvement, including exercise tolerance, New York Heart Association functional class (NYHA Fc) improvement and rhythm consideration after Fontan conversion with antiarrhythmia surgery [4] [5] [6] . However, whether there is improvement in ventricular function and protein-losing enteropathy (PLE) is unclear. Recently, a study from our centre reported that Fontan conversion with concomitant antiarrhythmias surgery and permanent pacemaker implantation was safe, improved the NYHA Fc and resulted in a low incidence of arrhythmia recurrence [7] . However, there was limited evaluation of surgical results after Fontan conversion with arrhythmia surgery and permanent pacemaker implantation due to the small number of patients and the short-term follow-up. Thus, we re-evaluated the surgical results of Fontan conversion with antiarrhythmia surgery in this study.
MATERIALS AND METHODS
The study protocol was approved by the Institutional Review Board of the University of Seoul National University Hospital (No. H-1303-004-468). The procedures were performed in accordance with institutional guidelines for the protection of patient confidentiality. The requirement for patient consent was waived due to the retrospective nature of the study. We retrospectively reviewed the 31 patients who had undergone Fontan conversion out of 260 Fontan cases from January 1996 to November 2011.
Surgical strategy
We performed the Fontan conversion from APC to lateral tunnel connection in the early series. However, we changed the surgical conversion strategy from APC or lateral tunnel connection to ECC Fontan conversion in 2002. We have described the surgical techniques in detail in a previous study [7] .
We standardized the antiarrhythmia surgery by performing isthmus ablations for atrial reentry tachycardia, modified rightsided maze procedures for atrial flutter, and bilateral maze procedures for atrial fibrillation. The right-sided maze procedure was performed in four distinct locations between the posterior rim of the atrial septal defect (ASD) and the posterior edge or resected atrial wall, between the superior rim of the ASD and resected right atrial appendage, between the inferior vena cava (IVC) and the rim of the coronary sinus and between the IVC and the annulus of the right-sided atrioventricular valve. The left-sided maze procedure was performed in the following three regions: encircling the pulmonary veins, between the lower pulmonary veins and the mitral valve annulus and at the orifice of the left atrial appendage. We used a 10-mm linear probe [CCS-200, Cooper Surgical, Shelton, CT, USA] for 90-120 s based on the tissue thickness at −70°C.
We tried to implant the permanent epicardial pacemaker simultaneously during the Fontan conversion. We tried to find the implantation site of the atrial lead around the sinoatrial node and of the ventricular lead at the ventricular apex. In addition, we used the bipolar steroid-eluting type lead in almost all cases. However, when implantation was difficult, we used the screw-type pacemaker lead at the ventricular site. The pacemaker implantation mode was dependent upon the atrioventricular node conduction status, and programming of the pacemaker was individualized to the patient.
Patient follow-up
During the follow-up, patients were monitored using the functional classification of the NYHA, echocardiography, electrocardiography, continuous 24-h electrocardiographic monitoring, exercise pulmonary function test (PET) and pacemaker analysis. Early mortality was defined as death related to the operation within 30 days.
Clinical outcomes
The median follow-up duration was 6.5 years (range 0.1-15.6 years). The median age at initial Fontan operation was 3.6 years (range: 1.3-15.8 years). The median age at Fontan conversion was 18.8 years (range 6.6-18.8 years). The mean conversion duration from initial Fontan operation was 14.4 ± 5.3 years. The median duration of arrhythmias from detection to operation was 30.0 months (range 0.5-210.0 months, n = 17). The mean cardiopulmonary bypass time was 250.4 ± 76.3 min. The median extubation time was 15.0 h (range 2.0-474.0 h). In addition, the median time in the intensive care unit was 3.8 days (range 0.9-44.6 days). The median hospital stay was 19.5 days (range 9.0-61.0 days). The median length of chest tube drainage was 10.0 days (range 3.0-34.0 days). The mean graft size in ECC Fontan conversion cases was 23.0 mm ± 1.2 mm (n = 26). Clinical outcomes are described in Table 1 .
Preoperative symptoms included dyspnoea on exertion in 22 (71.0%) patients, palpitations in 8 (25.8%), fatigue in 1 (3.2%) and chest discomfort in 1 (3.2%). The most common indication for operation in the 33 cases was arrhythmias in 26 patients (78.8%), including atrial flutter in 21 (63.6%) patients, sinus node dysfunction in 6 (18.2%) and atrial fibrillation in 3 (9.1%), atrioventricular valve regurgitation (AVVR) in 11 (35.5%) patients and thrombus in 10 patients (32.3%) ( Table 2) . Twenty-six patients (83.9%) required the arrhythmia surgery (isthmus cryoablation = 9, right-sided maze = 13 and bilateral maze = 4) ( Fig. 1 ). In addition, 23 patients (74.2%) received permanent pacemaker implantation (DDDR mode = 15, DDD = 6, and AAIR = 2) (Medtronic, Inc., Minneapolis, MN, USA, in 21 patients and St. Jude Medical, Sylmar, CA, USA, in 2 patients).
Tricuspid atresia was seen in 9 patients (29.0%) and was the most common diagnosis, followed by heterotaxy syndrome in 7 (22.6%) and double-outlet right ventricle (DORV) in 5 patients (16.1%). The right ventricle (RV) dominant ventricle in 17 patients (54.8%) was most commonly observed. The initial Fontan operations were atriopulmonary connection (APC) in 25 (80.6%) patients and lateral tunnel Fontan operation in 6 patients (19.4%). We performed the Fontan conversion from APC to lateral tunnel in 5 patients (16.1%), to ECC in 20 (64.5%) and from lateral tunnel to ECC in 6 (19.4%). Fontan fenestration during the first operation and Fontan conversion were performed in 2 patients (APC = 1, lateral tunnel = 1) and in 3 patients (lateral tunnel = 1, ECC = 2), respectively. The clinical characteristics of the patients are given in Table 2 . Additional procedures were performed in 22 patients (71.0%) during the Fontan conversion. RA reduction plasty (n = 14, 45.1%) and thrombectomy (n = 8, 25.8%) were the most common additional procedures (Table 3) .
Statistical analysis
All data were expressed as means ± standard deviations or as medians (ranges). Comparisons between continuous variables were performed using Student's t-tests. The analysis was performed with Fisher's exact test for categorical variables. Survival was estimated using the Kaplan-Meier method. A log-rank test was used for comparisons between factors. A P-value of <0.05 was considered statistically significant. These analyses were performed using the SPSS (SPSS version 19.0, SPSS, Inc., Chicago, IL, USA) statistical package.
RESULTS

Surgical results
There was no early mortality. A total of 4 mortalities (1 in-hospital death and 3 late mortalities) occurred during the 6.5-year median Postoperative bleeding (n = 3) was the most common complication, followed by diaphragm palsy, prolonged pleural effusion, postoperative mediastinitis and transient seizures (n = 2).
Freedom from arrhythmia was 91.8 ± 5.5% at 5 years (Fig. 2) . After Fontan conversion, normal sinus rhythm was maintained in 12 patients (38.7%, 95% CI: 23.7%, 56.2%), pacing-dependent rhythm in 10 patients (32.3%, 95% CI: 15.5%, 50.0%) (atrial pacing-dependent = 3, atrial and ventricular pacing-dependent = 6 and ventricular pacing-dependent = 1) and intermittent pacing-dependent rhythm in 4 patients (12.9%, 95% CI: 4.5%, 29.5%) (atrial pacing-dependent = 1 and ventricular pacing-dependent = 3). The median follow-up duration was 2.1 years (range 0.0-13.9 years) (Fig. 3) . We used the antiarrhythmic medication (sotalol) in 8 patients at the latest follow-up. Among 8 patients, pacing-dependent rhythm was shown in 3 patients, normal sinus rhythm in 2 patients, atrial fibrillation in 2 patients and atrial flutter in 1 patient.
NYHA Fc improvement was statistically significant after Fontan conversion during the 5-year median follow-up (range 2.5-14.4 years) (P = 0.001) (mean preoperative Fc = 1.77, postoperative NYHA Fc = 1.13, n = 15, P < 0.001) (Fig. 4) . Postoperative maximal oxygen consumption (MVO2) was 25.6 ± 4.9 (normal range >30 ml/kg/min, n = 20), and the minute ventilation/production of CO 2 (VE/VCO 2 ) slope during the exercise PFT was 36.4 ± 5.6 (n = 20) (normal range 26-29). In a small number of patients (n = 9), we evaluated the changes in ventricular function after Fontan conversion using echocardiography. The median follow-up duration was 2.4 years (range 0.2-8.6 years). Although ventricular ejection fraction (39.2 ± 8.3 to 45.0 ± 3.6, P = 0.246), Tei index (0.6 ± 0.1-0.5 ± 0.0, P = 0.871) and dP/dt (784.0 ± 102.1-810.2 ± 77.1, P = 0.956) were improved after Fontan conversion, the improvements were not CONGENITAL statistically significant. There were 3 patients with PLE. Two patients expired after Fontan conversion at 35 days and 1.7 days, and 1 patient showed no improvement in PLE during the 8.6-year follow-up.
DISCUSSION
In our series of 31 patients with failed Fontan circulation and arrhythmia, we accomplished the Fontan conversion including antiarrhythmia surgery with low operative mortality. The benefit of arrhythmia surgery with the Fontan conversion surgery was confirmed. In addition, NYHA Fc was improved, although we did not compare the functional improvement using the exercise pulmonary test.
Several studies have reported that almost half of the patients undergoing the Fontan procedure developed atrial arrhythmias in the AP Fontan connection, usually in association with significant haemodynamic abnormalities in at least 50% of the patients in the long-term follow-up [2, 8] . Thus, the Fontan conversion with antiarrhythmia surgery was introduced, and several studies have reported the results for arrhythmia control [5, [9] [10] [11] . Here, we identified the effectiveness of arrhythmia surgery. Fontan conversion without antiarrhythmia surgery had a high recurrence rate of arrhythmias, and the poor haemodynamics has been addressed in several reports [12] [13] [14] . Mavroudis et al. [11] identified the anatomical circuits responsible for atrial arrhythmias using preoperative and intraoperative mapping. The isthmus was found to be confined on at least one aspect by a surgical repair site, resulting in the tachycardia mechanism [15] . Thus, we included isthmus ablation in all patients with antiarrhythmia surgery. In addition, we tried to perform the right-sided maze procedure in patients with atrial flutter and added the left-sided maze procedure in patients with atrial fibrillation. This strategy resulted in good arrhythmiafree rates during the postoperative follow-up. Although there is a study reporting that a right-sided maze procedure has an effect in atrial fibrillation [16] , we thought that the right-sided maze procedure for atrial fibrillation had to be limited to selected cases.
We observed sinus node dysfunction in 6 patients (18.2%). Sinus node dysfunction may result from right atrial enlargement or from sinus node injury during the multistage Fontan operation [17] . In addition, sinus node dysfunction associated with bradycardia may predispose the patient to atrial flutter or fibrillation by promoting more variable refractory periods of the atrial muscles and may induce the re-entry mechanism [17] . Thus, we planned to implant an atrial pacemaker to prevent the bradycardia episodes, which may induce supraventricular or ventricular tachycardia [18] . In this study, we identified 14 (45.1%) patients who had continuous or intermittent pacing-dependent rhythms during the follow-up. Long duration of atrial fibrillation or flutter were risk factors for decreased sinus rhythm conversion rates, and the duration of atrial fibrillation or flutter to the Fontan conversion was relatively long and varied from 0.5 to 210 months in this study [19] . Thus, we emphasize the importance of permanent pacemaker implantation to maintain atrioventricular synchrony. Giardini et al. [20] reported that Fontan conversion was associated with improvement of cardiopulmonary function and heart failure symptoms. However, they did not prove improvement in ventricular ejection fraction after Fontan conversion. We also found improvement in heart failure symptoms. However, we found that the absolute values of exercise PFT were in the subnormal range after Fontan conversion at the 5.0-year median follow-up, but we did not compare the preoperative and postoperative PFT. In addition, we did not find a statistically significant improvement in ventricular function after Fontan conversion due to the small number of evaluations of ventricular function and the lack of an accurate definition of ventricular function in single-ventricle physiology. Although cardiac transplantation has been a surgical option for patients in whom the Fontan procedure has failed, the surgical results have to be taken into consideration due to the relatively high mortality rate [21, 22] . Thus, we expect that Fontan conversion may be the primary treatment of choice in selected patients after a failed Fontan procedure.
There are controversies about the PLE improvement after Fontan conversion [9, 10] . In this study, we observed that all 3 PLE patients had a high morbidity and mortality, similar to several previous reports [23, 24] . Two patients died after Fontan conversion, and 1 patient showed no improvement in PLE. Thus, further studies are needed to determine whether there are PLE improvements after Fontan conversion.
CONCLUSIONS
Fontan conversion with antiarrhythmia surgery and permanent pacemaker implantation is a safe and reliable procedure. Fontan conversion is associated with low operative mortality and improvement in NYHA functional class, and has a low incidence of recurrent arrhythmias.
Limitations of the study
There are several limitations to this study. This study was performed at a single centre and is limited by its retrospective nature. In addition, we recently checked the exercise PFT in Fontan conversion patients. Thus, we did not match the preoperative and postoperative pulmonary function in Fontan conversion patients. We tried to determine the improvement in ventricular function after Fontan conversion. However, it is difficult to draw any conclusions due to the small number of patients in this study and the lack of absolute criteria for ventricular function in single-ventricle physiology on echocardiography.
